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ity	 play	 an	 important	 role	 in	 phylogeography	of	 coral‐dependent	 fishes.	Here,	we	
















&	 Sandin,	 2011;	 Planes,	 2002).	 Patterns	 of	 distribution	 and	 inter‐
















distance	 between	 populations	 is	 positively	 correlated,	 resulting	 in	
patterns	of	isolation‐by‐distance	(IBD;	Wright,	1943).	On	the	other	

































Sea	and	the	rest	of	 the	 Indian	Ocean,	 through	the	Strait	of	Bab	al	






In	 turn,	contemporary	dispersal	barriers	 for	coral	 reef	 fishes	
within	 the	NIO	 are	mainly	 structured	 by	 southwest	monsoonal	
activity,	resulting	in	seasonal	cold‐water	upwelling	events,	which	
can	hinder	planktonic	dispersal	of	species	intolerant	to	low	tem‐
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habitat	 in	 the	 upwelling	 zones,	 potentially	 isolating	 populations	
by	 restricting	 stepping‐stone	 connectivity	 and	 thereby	 increas‐
ing	the	chance	for	vicariant	splits	(Burt	et	al.,	2016;	Priest	et	al.,	
2016).
The	 geographic	 position	 and	 consequences	 of	 such	 barriers	
on	 reef	 fish	distribution	within	 the	NIO	have	been	previously	 in‐
vestigated,	 with	 such	 works	 relying	 predominantly	 on	 species	
occurrence	data	(Burt	et	al.,	2011;	DiBattista,	Choat,	et	al.,	2016;	
DiBattista,	 Roberts,	 et	 al.,	 2016;	 Kemp,	 1998,	 2000;	 Klausewitz,	
1972,	1989).	Increasing	work	about	these	barriers	has	now	focused	




is	still	 little	understanding	of	 the	mechanisms	underlying	 the	dis‐
tribution	 of	 biodiversity	 of	 coral	 reef	 fishes	within	 the	NIO	 (see,	
Bowen	 et	 al.,	 2013;	 DiBattista,	 Choat,	 et	 al.,	 2016;	 DiBattista,	
Roberts,	et	al.,	2016).
In	 this	 paper,	 we	 investigate	 population	 genetic	 structure	 of	
the	 yellowbar	 angelfish	 Pomacanthus maculosus	 (Pomacanthidae;	
Forsskål	1775),	 a	 common	coral‐dependent	 fish	 found	 throughout	
the	NIO.	We	 first	 examine	whether	 intraspecific	 genetic	 variation	
has	been	driven	by	either	IBD	or	IBE,	and	if	not,	we	examine	whether	
genetic	variation	within	P. maculosus	aligns	with	contemporary	spe‐
cies	 distribution	patterns	 by	 investigating	 the	 role	 of	 the	 putative	
marine	barriers	in	the	NIO.





that	 is	 the	Red	Sea,	 the	Gulf	of	Aden,	 the	Arabian	Sea,	 the	Sea	of	
Oman,	and	the	Gulf	(also	known	as	the	Arabian	Gulf	or	Persian	Gulf;	













mass	distribution	 and	upper	ocean	 circulation	 in	 the	NIO	changes	
in	 response	 to	biannual	wind	stress	 reversals,	 creating	 seasonality	
in	oceanographic	conditions	(Shetye	&	Shenoi,	1994).	During	winter	
(November–March),	 the	monsoon	wind	blows	 from	 the	 northeast,	
F I G U R E  1  Locations	of	the	27	
sampling	sites	for	Pomacanthus maculosus 
across	the	Western	Indian	Ocean






2.2 | Sampling design and DNA extraction










facturer's	 instructions	 using	 either	 the	 Qiagen	 DNeasy®	 Blood	 &	
Tissue	Kit	or	the	KingFisher	Cell	and	Tissue	DNA	Kit.	DNA	concen‐
trations	in	the	extracts	were	measured	using	the	Qubit	2.0	dsDNA	
BR	Assay	Kit	 (Invitrogen™)	 Fluorometer	 and	 checked	 for	 high‐mo‐
lecular‐weight	bands	on	a	1%	agarose	gel.
2.3 | Genotyping and de novo assembly of RAD tags
RAD	 tag	 libraries	 were	 constructed	 by	 Floragenex	 from	 two	 96‐
well	 plates,	 following	 the	 protocol	 outlined	 by	Baird	 et	 al.	 (2008),	
Hohenlohe	et	 al.	 (2010)	 and	Etter	 (2011).	 In	brief,	 high‐molecular‐
weight	genomic	DNA	was	digested	into	small	fragments	with	a	high	
fidelity	 SbfI	 restriction	 enzyme,	 and	 an	 adapter	 (P1)	 containing	 a	





were	 ligated	 to	 a	 Y‐adapter	 (P2),	 which	 ensures	 that	 all	 amplified	
fragments	 have	 the	 P1	 and	 barcode,	 followed	 by	 the	 partial	 re‐
striction	 site,	 a	 few	bases	of	 flanking	 sequence,	 and	 a	P2	 adapter	
(Davey	&	Blaxter,	2010).	Finally,	the	DNA	fragments	representing	a	
much‐reduced	part	of	the	original	genome	were	PCR	amplified	using	






or	 overrepresented	 sequences	 using	 FastQC	 v.0.11.5.	 After	 initial	
quality	assessment,	reads	were	filtered	and	detection	of	single	nu‐
cleotide	polymorphism	(SNP)	was	performed	in	Stacks	v.1.42	pipe‐












TA B L E  1  Geographic	locations	of	sampling	sites	and	sample	sizes	for	P. maculosus
Region Country Sampling site Coordinates Number of samples
Gulf	of	Aden Djibouti Maskali N	11°41′,	E	43°08′ 13
Gulf	of	Aden Djibouti Bay	de	Ghoubbet N	11°30′,	E	42°40′ 4
Red Sea Saudi	Arabia Farasan	Island	(North	of	Shuma,	
Mahama,	Abulad	Island)
N	16°45′,	E	41°36′ 11
Red Sea Saudi	Arabia Jazirat	Burcan N	27°54′,	E	35°03′ 1
Red Sea Saudi	Arabia Gulf	of	Aqaba N	28°24′,	E	34°44′ 2
Red Sea Saudi	Arabia Dolphin	Lagoon N	19°31′,	E	39°39′ 2
Red Sea Saudi	Arabia North	Abu	Latt,	Saut,	S.	Sulaym N	19°57′	E	40°09′ 9
Red Sea Saudi	Arabia Al‐Fahal,	Om	Al	Balak,	Al	Wusul N	22°13′,	E	38°57′ 10
Red Sea Saudi	Arabia Middle	Reef,	Shib	Habil,	Manila	Bay N	20°07′	E	40°12′ 10
Red Sea Saudi	Arabia Abu	Shosha N	22°18′	E	39°02′ 6
Sea	of	Oman Oman Fahal	Island N	23°40′	E	58°30′ 13
Arabian	Sea Oman Masirah	Island N	20°09′,	E	58°38′ 3




Africa Kenya Lamu N	2°16′	E	40°54′ 9
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catalog,	which	allowed	a	maximum	of	one	base	pair	mismatch	(n = 1; 
Final	coverage	for	each	individual:	mean	=	57.77	X;	stdev	=	14.01).	
Subsequently,	RAD	tags	for	all	individuals	were	used	to	detect	only	
the	 first	 SNP	 (‐‐write_single_snp)	 by	 identifying	 at	 the	 same	 locus	




















was	 tested	 for	 IBD	 by	 applying	 the	Mantel	 test	 to	 the	 linearized	
















maptools	 (Bivand	 &	 Lewin‐Koh,	 2015),	 gridExtra	 (Auguie,	 2017),	
lattice	 (Deepayan,	2008)	and	 fields	 (Nychka	et	al.,	2017).	A	Mantel	
test	was	 then	performed	 in	GenoDive	v.2.0	 to	measure	 the	 linear	








The	 most	 probable	 number	 of	 genetic	 clusters	 and	 the	 member‐
ship	of	each	 individual	 to	 these	clusters	were	estimated	using	 the	
ADMIXTURE	software	(Alexander,	Novembre,	&	Lange,	2009).	The	
most	 likely	 number	 of	 clusters	 was	 selected	 based	 on	 cross‐vali‐









sentation	of	 both	population	 splits	 and	migration	events.	 TreeMix	














using	 the	 likelihood	 ratio	 test	 (LRT).	The	best	model	was	selected	 if	
a	significant	difference	was	found	between	two	consecutive	models,	






The	RAD	 library	of	151	 specimens	yielded	a	 total	of	787,286,606	
reads,	 of	 which	 633,985,956	 remained	 after	 quality	 filtering	 and	
demultiplexing.	 These	 filtered	 reads	 were	 then	 used	 to	 create	 a	
catalogue	 containing	 1,297,018	putative	 SNPs	 for	 construction	 of	
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genotypes	 for	 all	 individuals.	 After	 the	 first	 filtering	 steps,	 Stacks	
yielded	100,275	SNPs.	Further	filtering	procedures	in	Plink,	such	as	
missing	genotype	rate,	minor	allele	frequency,	linkage	disequilibrium	





Pairwise	 comparison	 between	 regions	 yielded	 values	 of	 FST	 rang‐
ing	between	0.002	and	0.143	(p	=	.001)	with	the	highest	values	ob‐









Geographic	 distances	 between	 sampling	 locations	 were	 signifi‐
cantly	correlated	(r2	=	.421,	p	=	.001)	with	pairwise	genetic	distances	
(Figure	2).	 In	 contrast,	no	 significant	 linear	 relationship	was	 found	





 Arabian Gulf Sea of Oman Gulf of Aden Red Sea Eastern Africa
Arabian	Gulf – 0.001 0.001 0.001 0.001
Sea	of	Oman 0.015 – 0.001 0.001 0.001
Gulf	of	Aden 0.052 0.033 – 0.001 0.001
Red Sea 0.049 0.032 0.002 – 0.001
Eastern	Africa 0.143 0.130 0.112 0.103 –
Note: Significance	p‐values	are	showed	in	the	above	diagonal.
TA B L E  2  Pairwise	FST	values	(below	
diagonal)	for	P. maculosus	based	on	10,225	
SNPs
TA B L E  3  Pairwise	FST	values	(below	diagonal)	for	P. maculosus 
based	on	10,225	SNPs
 EAP WAP EA
EAP – 0.001 0.001
WAP 0.043 – 0.001




F I G U R E  2  Relationship	between	pairwise	geographic	distance	
and	genetic	differentiation	estimates	(FST/[1	−	FST])	for	Pomacathus 
maculosus	in	the	NIO
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values	of	K	 as	 the	most	 likely	 number	of	 clusters	 for	P. maculosus 
(Figure	 4).	 At	K	 =	 2	 (CV	 =	 0.56700),	 the	 clusters	were	 comprised	
by	 a	Western	 (the	 Red	 Sea,	 the	 Gulf	 of	 Aden	 and	 Kenya)	 and	 an	
Eastern	 (the	Arabian	Gulf	 and	 the	 Sea	of	Oman)	 cluster.	At	K	 =	 3	
(CV	=	0.57138),	individuals	from	Kenya	composed	a	distinct	group,	
and	 therefore	 suggested	 a	 division	 into	 three	 distinct	 clusters;	 a	
Western	Arabian	Peninsula	cluster	 (Red	Sea	and	Gulf	of	Aden),	an	
Eastern	Arabian	Peninsula	cluster	(Arabian	Gulf	and	Sea	of	Oman),	




The	 top	 two	 principal	 components	 (PCs)	 explained	 6.74%	 of	
the	 total	 of	 genotypic	 variation.	PC1	 (4.3%	of	 the	variation)	dis‐
tinguished	 individuals	 sampled	 on	 the	 east	 side	 of	 the	 Arabian	
Peninsula	from	those	obtained	on	the	west	side	of	the	peninsula.	
Whereas	PC2	(2.44%	of	the	variation),	to	a	higher	extent,	discrim‐
inated	 between	 individuals	 sampled	 off	 the	 coast	 of	 Kenya	 and	
those	collected	around	the	peninsula.	Thus,	one	cluster	 included	
individuals	from	the	western	Arabian	Peninsula	(i.e.,	the	Red	Sea	











one,	 two	or	 three	migration	events.	Therefore,	 the	most	parsimoni‐
ous	model	with	one	migration	edge	was	chosen.	The	selected	model	













F I G U R E  5  Principal	component	analysis	of	multilocus	
genotyped	for	150	individuals	of	Pomacanthus maculosus	from	the	
NIO.	The	color	scheme	reflects	geographic	regions.	10,225	SNPs
F I G U R E  6  Maximum	likelihood	tree	inferred	by	TREEMIX	with	
the	arrow	indicating	the	migration	event,	the	color	represents	its	
weight.	10,225	SNPs






















but	 the	 analysis	 showed	 no	 significant	 relationship.	 Pomacanthus 
maculosus	 is	distributed	around	 the	entire	Arabian	Peninsula,	with	
the	 edges	 of	 the	 distribution	 (the	 Red	 Sea	 and	 the	 Arabian	 Gulf)	















pothesis,	 it	might	be	 suggested	 that	 the	 short	 spawning	period	of	
P. maculosus	in	the	southern	Arabian	Gulf	(September	and	October;	
Grandcourt	&	Francis,	2010),	combined	with	the	large	degree	of	sea‐
sonality	 in	 ocean	 circulation	 across	 the	NIO,	 creates	 a	window	of	
oceanographic	conditions	through	which	the	larvae	are	released	into	
the	prevailing	currents.	During	September	and	October,	strong	and	
F I G U R E  7  Map	of	the	study	area	
showing	coral‐reef	habitats	available	in	
the	Western	Indian	Ocean	(red	squares)
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of	P. maculosus.	During	summer,	when	P. maculosus	 (Grandcourt	&	
Francis,	 2010)	 and	 other	marine	 fish	 species	 spawn	 (Claereboudt,	









ture	 is	 that	 the	 lack	 of	 suitable	 habitats,	 in	 both	 the	 south	 of	 the	
Arabian	Peninsula	and	along	the	Somali	coast,	creates	an	unbridge‐










Besides	 the	 lack	 of	 suitable	 adult	 habitat	 between	 subpopula‐
tions,	 gene	 flow	magnitude	 in	 fish	 (Rocha	 et	 al.,	 2002)	 and	 inver‐












by	 geological	 history,	 as	 the	 seascape	 features	 of	 this	 area	 were	
drastically	 altered	 during	 the	 last	 glaciation	 events.	 This	 created	
barriers	 and	 changes	 in	 environmental	 conditions	 that	 likely	 led	 to	
the	 radiation	 of	 subpopulations	 or	 even	 species	 (DiBattista	 et	 al.,	
2013;	DiBattista,	Choat,	et	al.,	2016;	DiBattista,	Roberts,	et	al.,	2016;	
Klausewitz,	1972,	1989).	For	example,	decreasing	 sea	 levels	during	
glaciation	 caused	 significant	 alterations	 in	 environmental	 condi‐
tions	by	restricting	water	exchange	between	the	Red	Sea	and	Indian	
Ocean,	 and	 thereby	 creating	 a	hypersaline	environment	within	 the	



















coincides	with	 the	origin	of	most	 reef	 fish	species	endemic	 to	 the	
Red	Sea	(Hodge	et	al.,	2014).	Nevertheless,	the	wide	distribution	of	
P. maculosus	within	the	NIO	has	also	led	to	the	hypothesis	that	the	
species	 originated	 earlier,	 in	 the	Mediterranean	Tethys	 during	 the	
Pre‐Pliocene	(Klausewitz,	1972).
4.2 | Genetic population structure within the 















one	 between	Djibouti	 and	 Somalia,	 respectively	 (DiBattista	 et	 al.,	
2017).	With	 respect	 to	 the	genetic	barrier	off	Somalia,	 five	of	 the	
seven	species	examined	in	DiBattista	et	al.	(2013)	were	genetically	
differentiated	between	the	Red	Sea	and	the	WIO.
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5  | CONCLUSION AND FUTURE RESE ARCH 
DIREC TIONS
There	 seems	 to	 be	 no	 single	 explanation	 or	 vicariance	 event	 that	
shaped	 the	 evolutionary	 histories	 of	 fish	 species	 within	 the	 NIO.	
Therefore,	comparative	phylogeography	studies	could	represent	an	
initial	 endeavor	 to	 detect	 and	measure	 the	 relative	 importance	 of	
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